Calcium oxide was used as photocatalyst for the degradation of indigo carmine dye solution in the visible, long UV, and short UV radiation. We have investigated the effectiveness of degradation of indigo carmine dye solution at pH 9 and 12 using calcium oxide with the particle size of 30-36 nm by varying the concentration, dose of adsorbent, and duration. It has been found that the degradation of indigo carmine dye is effective at pH = 9, when 0.12 g of calcium oxide was used. The nature of interaction between calcium oxide and indigo carmine dye was discussed.
Introduction
The water bodies are continuously polluted due to the unscientific methods adopted by the chemical, textile, paper, and pulp industries, and so forth, during the discharge of toxic and hazardous chemicals [1] [2] [3] [4] [5] . Complexity of the dye molecules does not favour the natural process of degradation and also during certain instances incomplete degradation or transformation may generate carcinogenic byproducts [6] [7] [8] [9] . Therefore, physical, chemical, and biological methods have been developed for the treatment of dye effluents from industries [10] . Precipitation, coagulation, floatation, and oxidizing agents have been used for the treatment of different types of dyes. Major disadvantages of chemical methods are that they require expensive chemicals and the products generated after dye treatment are also polluting in nature [11, 12] . Biological methods to degrade dyes include enzymes and microorganisms and are found to be effective but the difficulty is to scale up the process [13] . Membrane-filtration processes, electrodialysis, and adsorption involve physical processes which are cheaper compared to biological methods but the maintenance of membranes is expensive [14] [15] [16] . Electrochemical process, electrokinetic coagulation, irradiation with light, and photochemical oxidation have been employed for the removal of dye effluents [17] . Major limitations of the above methods are the operating cost, generation of byproducts, and the process of regeneration of the starting compounds which are difficult or tedious [10] . Therefore, degradation of dyes into its smaller fragments of less toxic organic compounds is one of the major challenges faced by scientists, technologists, and researchers across the world. Development of catalysts which can interact with sunlight and degrade the toxic dyes into its low molecular weight colourless and nontoxic fragments which can be discharged into the water bodies without affecting their physicochemical properties is the major objective. Photocatalytic degradation using solar light is the preferred method due to its simplicity and cost effectiveness. Various types of photocatalysts such as perovskites, titanates, zinc oxide, niobates, calcium oxide, and nanoparticle-nickel oxide composite and semiconductors have been widely used [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] in degrading different kinds of reactive dyes. The above compounds used are wide band gap semiconductors or insulating in nature and hence are not effective in absorbing visible light or induce electron-hole transitions in the UV region. In search of an alternative, in this paper, we have used, ecofriendly and economically, viable photocatalyst, that is, calcium oxide, for the degradation of indigo carmine dye and the degradation is close to 100%. The experiments were performed at room temperature and the degradation studies were measured at 600 nm using 1.0721 × 10 −4 M concentrated indigo carmine dye solution and the absorbance was 0.64-0.65. The standard deviations were ±3% in all the measurements between the two consecutive measurements in the same conditions. Experiments were carried out in absence of calcium oxide at different wavelength of light sources. It was found that there is less than 1% change in the concentration without catalyst. We have reported the optimum conditions in which the experiments were performed. The concentration of indigo carmine dye is 1.0721 × 10 −4 M, pH 9-10, calcium oxide dose-0.12 g, and temperature 298 K. The plot of 2 + log as a function of exposure time was plotted to determine the rate constant for the above optimized conditions.
Results and Discussion
The structure of indigo carmine dye (C 14 H 8 O 4 ) is shown in Scheme 1. Figure 1 shows the powder X-ray diffraction pattern of calcium hydroxide sample. The reflections match well with the ICSD database. The powder X-ray diffraction pattern of calcium oxide was used to estimate the particle size using Scherrer formula:
where is the average crystallite size in angstroms, is the wavelength of X-ray source, that is, = 1.5418Å, is the diffracted angle, and is the full width at half maximum (FWHM) of different reflections. The pXRD pattern will provide an average particle size compared to electron microscopic image; hence the particle size of calcium oxide was estimated using Scherrer formula and is in the range of 30-40 nm (see Table 1 ). Figure 2 shows the scanning electron micrograph of calcium oxide and the particles are agglomerated and are not clearly evident.
Effect of Light Source.
Photodegradation of indigo carmine dye was carried out using different light sources of different wavelengths, that is, short UV 254 nm, long UV 365 nm, and visible light, using 8 W lamps which were used as sources (the energy of the radiation intensities is in the range of 0-9.9 joules). The experiments of irradiation of light source on the dye solutions were carried out at 298-300 K. The rate International Journal of Photochemistry of change of concentration was monitored by measuring the absorbance at regular intervals.
Effect of pH.
The rate of change of absorbance and the percentage of degradation of indigo carmine using 0.12 g of calcium oxide catalyst (optimum quantity) were carried out at different light sources (short UV, long UV, and visible light) and the dye solutions were maintained at pH 9-10 and 12 separately. The rate of photodegradation experiments was also carried out at natural pH (i.e., pH attained when calcium oxide is added to the dye solution), that is, pH 9-10. Attempt to carry out the measurement of degradation of dye at pH < 7 was not successful, due to the dissolution of small percentage of calcium oxide at pH < 7. Figures 3 and 4 show the rate of absorbance of indigo carmine at different pH values as a function of time. The rate of degradation of indigo carmine at different light wavelengths and pH values is shown in Figures 5 and 6 . The degradation of dye solution is found to be more effective when the pH > 8. At pH 9-10, dye adsorption onto calcium oxide catalyst, followed by the degradation, was observed. Complete degradation of dye depends on the nature of the photocatalyst and also its interaction with the frequency of light used. From data, it is clearly evident that the rate of degradation is more effective when short UV was used and the dye solution was maintained at pH 9-10. The duration required for the adsorption followed by degradation of dye is 50 minutes at pH 9-10 (95.3% degradation) for short UV compared to long UV (60 min; 95.3% degradation) and visible light (80 min; 95.3% degradation). At pH 12, 100% degradation was observed but the rate at which the process occurs is slower in nature (Table 2) . Figures 7 and 8 show the graphs of rate of change of concentration of indigo carmine dye with time at pH 9-10 and 12, respectively. This clearly indicates that photodegradation is more effective at lower wavelength radiation (short UV), due to the higher energy associated with it. It was found that when short UV was used, dye can be effectively degraded at short duration compared to visible and long UV region. The mechanism for the degradation of dye using brilliant red azo dye using calcium oxide and calcium oxide magnesium oxide composite nanoparticles has been reported [19] . The reported band gap of calcium oxide nanoparticle is in the range of 5 to 8 eV, indicating that it is an insulator. Promotion of electron from valence band to conduction band demands higher energy radiation and most of the time we may not observe transition. The plot of " " versus " " indicates that Langmuir type of adsorption and the equilibrium to reach depends on the light source used for the degradation (see Figure 9 ).
Mechanism of Dye Degradation.
The mechanism of dye degradation is as follows: 
Ground state dye molecules absorb radiation and get promoted to singlet excited state from which it will undergo intersystem crossover to triplet state. Valence band electrons in calcium oxide will absorb radiation and get promoted to conduction band thus generating hole. The valence electron will react with the dissolved oxygen molecule in the solu- carbon dioxide and water molecules. On the other hand, holes present in the valence band will react with hydroxyl ions to generate hydroxyl-free radical which attacks dye to generate degraded products. Calcium oxide nanoparticles will possess large band gap due to which they may be poor semiconductors or insulators and hence are not effective in absorbing visible light or induce electron-hole transitions in the UV region.
A decrease in absorbance value of indigo carmine dye solution was observed with time and a plot of 2 + log was plotted against time to measure the rate constant. The effect of calcium oxide photocatalyst in indigo carmine at pH 9-10 and 12 on irradiation of different wavelength sources on the rate constants is given in Tables 3 and 4 , respectively. 
Conclusions
The optimized conditions for the photochemical degradation of indigo carmine dye solution using of calcium oxide are as follows: (i) 0.12 g of calcium oxide, (ii) effective pH for dye degradation which is 9-10, (iii) indigo carmine dye concentration used-5.0 mg/100 mL, (iv) temperature: 298-300 K, and (v) contact time which is less when short UV light source was used.
The results demonstrate that calcium oxide can be used as an effective low cost photocatalyst for the successful degradation of water soluble indigo carmine dye solution. The photocatalytic degradation process does not require heating, chemical treatment, modifiers, and so forth.
